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Odor Mitigation with Tree Buffers: Swine Production Case Study
Abstract
Vegetative environmental buffers (VEB) are a potentially low cost sustainable odor mitigation strategy, but
there is little to no data supporting their effectiveness. Wind tunnel experiments and field monitoring were
used to determine the effect VEB had on wind flow patterns within a swine facility. Particle and odorous
compound concentrations were monitored before and after the VEB. Wind tunnel experiments indicated that
building orientation had about the same impact on air flow patterns as the combined buildings and VEB. Field
monitoring studies revealed that air flow patterns at a swine facility were dynamic showing intense instability
during the heat of the day, but stable air in the evening hours indicating that air during the day was controlled
by vertical movement into the atmosphere while in the evening air patterns show a collapse mostly horizontal
movement. Total particle counts before and after the vegetative buffer were reduced by over 40% and odorous
compound concentrations for volatile fatty acids, phenol and indole compounds were reduced by 40–60%.
Plant material taken from trees in the vegetative buffer showed no significant loading gradients between
materials facing the swine facility and those opposite the swine facility. There were significantly higher
loadings of odorous VFAs, phenolic, and indole compounds on plant material for samples taken from 2.7 m
compared to samples taken from either 0.6 or 1.3 m indicating that vertical transport was major transport
mechanism for odor at the swine facility.
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a  b  s  t  r  a  c  t
Vegetative  environmental  buffers  (VEB)  are  a potentially  low  cost  sustainable  odor  mitigation  strategy,
but  there  is little to no  data  supporting  their  effectiveness.  Wind  tunnel  experiments  and ﬁeld  monitoring
were  used  to  determine  the  effect  VEB  had on  wind  ﬂow  patterns  within  a swine  facility.  Particle  and
odorous  compound  concentrations  were  monitored  before  and  after  the VEB.  Wind  tunnel  experiments
indicated  that  building  orientation  had about  the  same  impact  on  air ﬂow  patterns  as the  combined  build-
ings and VEB.  Field  monitoring  studies  revealed  that air ﬂow  patterns  at a swine  facility  were  dynamic
showing  intense  instability  during  the  heat  of  the  day,  but stable  air  in  the  evening  hours  indicating  that
air during  the  day  was  controlled  by vertical  movement  into  the  atmosphere  while  in  the  evening  air  pat-
terns  show  a collapse  mostly  horizontal  movement.  Total  particle  counts  before  and  after  the  vegetative
buffer  were  reduced  by  over  40%  and  odorous  compound  concentrations  for volatile  fatty  acids,  phenol
and  indole  compounds  were  reduced  by 40–60%.  Plant  material  taken  from  trees  in the vegetative  buffer
showed  no  signiﬁcant  loading  gradients  between  materials  facing  the  swine  facility  and those  opposite
the  swine  facility.  There  were  signiﬁcantly  higher  loadings  of  odorous  VFAs,  phenolic,  and  indole  com-
pounds  on  plant  material  for  samples  taken  from  2.7  m compared  to samples  taken  from  either 0.6  or
1.3 m indicating  that  vertical  transport  was  major  transport  mechanism  for odor  at the  swine  facility.
Published by Elsevier B.V.
1. Introduction
Odor emissions associated with conﬁned animal production
have been identiﬁed as one of the most signiﬁcant animal emission
at the local level (NRC, 2003) and continues to be a signiﬁcant chal-
lenge for the livestock industries. Swine production in particular is a
primary source of citizen complaints (Huang and Miller, 2006) and
odor nuisance lawsuits in this region have recently reached an all-
time high (Heber and Bogan, 2006). Odors from swine production
facilities have been linked to lower quality of life (Thu et al., 1997;
Wing et al., 2008), loss of property values in surrounding commu-
nities (Palmquist et al., 1997) as well as concern that odors can have
far reaching negative impact on the overall mental and social well-
being of rural communities (Donham et al., 2007). All in all, it has
been said that the future of the swine industry will be shaped by
its collective ability to improve environmental impact technologies
speciﬁcally those that effectively mitigate odors (Honeyman, 1996;
 Names are necessary to report factually on available data; however, the USDA
neither guarantees nor warrants the standard of the product, and use of the name
by the USDA implies no approval of the product to the exclusion of others that may
be  suitable.
∗ Corresponding author. Tel.: +1 515 294 0201; fax: +1 515 294 1209.
E-mail address: steven.trabue@ars.usda.gov (S. Trabue).
Hogberg et al., 2005). As such, the sustainability of the economically
critical pork industry in the U.S. Midwest as well as the social health
of rural communities is at stake with regard to mitigation research.
Complicating this issue there are no federal laws on the regu-
lation of odors in the United States, and the measures that many
states take (e.g., legal separation distances) have been largely inef-
fective (Tyndall et al., in press). Therefore producers are tasked with
adopting effective mitigation technology. Yet odor mitigation has
long been challenging due to the inherent physico-chemical com-
plexity of odors and the odor transport mechanisms. Currently,
there are over 400 compounds associated with swine production
(Schiffman et al., 2001; O’Neill and Phillips, 1992; Spoelstra, 1980),
yet only a few of these compounds are thought to be responsi-
ble for odor (Zahn et al., 2001; Wright et al., 2005; Trabue et al.,
2011a). To date, no single compound has been linked as a surro-
gate to odor despite several efforts to identify such a compound. In
addition, there is little linkage between major odor compound class
emission concentrations (Trabue et al., 2011a). This has made the
quantiﬁcation of odor challenging due to the complexity of com-
pounds associated with odor. Currently, odors are thought to be
transported by one of two  ways either through vapor phase trans-
port directly or through attachment onto particulate matter. There
is some evidence that both mechanisms are at play (Schiffman et al.,
2001; Bottcher, 2001; Cai et al., 2006); however, the contribution
of each is difﬁcult to determine. Consequently, solutions to odor
0167-8809/$ – see front matter. Published by Elsevier B.V.
doi:10.1016/j.agee.2011.12.002
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control from animal feeding operations (AFO) must include con-
trol of both odorous compounds and particles that transport the
compounds.
Vegetative environmental buffers (VEB) and in particulate tree
vegetative buffers (i.e., shelterbelts) are a relatively new approach
to lowering odor from swine production. Shelterbelts are thought
to lower odor through the interception of odorous compounds and
dilution of odors material though lofting ground level air into upper
air streams (Tyndall and Colletti, 2007). In general, shelterbelts as
an odor mitigation technique are both cost effective (Tyndall and
Grala, 2009), and environmentally beneﬁcial (Tyndall and Colletti,
2007; Jose, 2009); however, their effectiveness have not been thor-
oughly tested with reliable odor metrics. This lack of quantiﬁed
understanding regarding the biophysical dynamics at play as well
as mitigative effectiveness is problematic in light of the current rate
of producer adoption since over 90% farmers surveyed either use
or are interested in using vegetative buffers for odor management
(Tyndall, 2009). This interest is largely due to affordability, ease
of implementation, perceptions regarding the social acceptability
of using trees and the remedial immediacy of odor management.
Nevertheless, as noted in Tyndall (2009) with a rise in demand
for new innovations there can come a unique socio-technological
phenomenon where technological application out-paces the scien-
tiﬁc understanding of the technology. Therefore the probability of
the technology being applied inefﬁciently or even inappropriately
increases. While there are a few ﬁeld studies that have quantiﬁed
the biophysical inﬂuence of shelterbelts on odor dispersion (Lin
et al., 2006, 2007), these have largely been in reference to natu-
ral shelterbelts that have been planted for reasons other than odor
mitigation. As such there is little information into the effective-
ness of shelterbelts in the context of locating shelterbelts in and
around active production facilities for the explicit purpose of odor
management.
Therefore the purpose of this study is to examine the effects tree
buffers have on wind ﬂow patterns and odor emissions from a swine
facility and add to the needed body of shelterbelt/odor research. In
this study, wind ﬂow patterns were monitored with towers (10 and
20 m)  with continuous micrometeorological measurements and
modeled in wind tunnel experiments, while emissions of odorous
materials (both particulate and odorous compound concentrations)
were monitored before and after tree buffers.
2. Materials and methods
2.1. Site description
The study was conducted at a commercial swine production
facility located in central Iowa. Monitoring air ﬂow patterns and
particle counts occurred during spring-to-fall period of 2008,
whereas, odor monitoring occurred over a 1 week period in summer
and fall 2008. This site consists of three swine-ﬁnishing buildings
ventilated with both naturally and with house fans and manure
pit is also ventilated. The facility had a total capacity of approxi-
mately 2500 head. Building dimensions are 12-m wide, 60-m long,
3.06-m tall side walls, and peak height (H) of 4.8 m with deep pit
manure storage. Each building has 4 deep pit fans and 2 house
fans. The vegetative buffer consisted of a single row of Austree
willow (Salix matsudana × alba) trees as well as parallel, jack pine
(Pinus banksiana)  and Eastern red cedar (Juniperus virginiana). Wil-
low trees averaged 9 m height, while pine/cedar tree were 2–3.6 m
tall. The rows of willow are located at both 52 m North and 100 m
West of the buildings. Prevailing wind directions from the facil-
ity are South-West in summers and North-West during winters.
See Fig. 1 for schematic of the building and surrounding vegetative
buffer.
2.2. Wind tunnel experiment
Wind tunnel experiments were performed to determine the
potential effects of tree buffers on air-ﬂow patterns in the swine
facility. We used a low-speed wind tunnel (LSWT) with an open
circuit design and capable of air velocities up to 15 m s−1 in a con-
trol section 0.46-m tall, 1.22-m wide, and 5.5-m long. The ceiling
of the control section is adjustable (maximum height of 0.76 m)  to
accommodate scale models of varying dimensions. The ﬂoor of the
control section was  covered with vinyl mat  used in hobby model-
ing glued to sheet metal. The vinyl mat  created a uniform surface
with a texture similar to mown  grass at the scale of the building
models. The overall wind tunnel design followed Wooding (1968)
and Barlow et al. (1999) to generate adiabatic atmospheric surface
layer conditions for environmental applications. A trip fence (1.90-
cm tall) and ﬁve triangular spires (3.8-cm tall, 3.5-cm wide at base,
20 cm spacing) created a surface boundary layer within the control
section with properties similar in scale to the earth’s atmospheric
surface layer (Armitt and Counihan, 1968; Irwin, 1981).
The boundary layer was characterized with vertical proﬁles
of mean and turbulent ﬂow parameters obtained at reference air
velocities to characterize the incident ﬂow (no tree or building
models). The power law was  ﬁt to observed velocity proﬁles
U
Uref
=
(
z
zref
)1/˛
(1)
where z is height, zref is the reference height, and  ˛ is a ﬁtting
parameter. Values of 6.0 and 6.9 were obtained for  ˛ for 2 and
5 m s−1 ﬂows (Sauer et al., 2011). These values indicate a slight
decrease in aerodynamic roughness with ﬂow velocity increase.
The log proﬁle equation was ﬁt to the velocity proﬁles to obtain
aerodynamic roughness lengths
U =
(
u∗

)
ln
(
z
z0
)
(2)
where  is 0.4 (the von Karman constant), u* is the friction velocity,
and z0 is the aerodynamic roughness length. Fitting this expression
to the logarithmic portion of the proﬁle produced full (ﬁeld) scale
z0 values of 0.9 cm and 0.1 cm for 2 and 5 m s−1 ﬂows. Proﬁles of
turbulence intensity and Reynolds stress also showed decreases
with increasing mean velocity (Sauer et al., 2011). The turbu-
lence intensity proﬁle was  comparable to “low crops; occasional
large obstacles” as described in Cermak and Isyumov (1999).  Adi-
abatic conditions indicated by velocity proﬁles were conﬁrmed
with continuously monitored air temperature proﬁles (type T
thermocouples) and surface temperature measurements (infrared
thermometers, model 4000LCS, Everest Interscience, Inc., Tucson,
AZ).
Scale models (1:150) were used to represent the entire swine
facility and surrounding tree buffers (Sauer et al., 2011). All model
arrangements were placed in the center of the control section at
approx. 3 m downstream from the spires. Two different tree buffer
conﬁgurations were evaluated: three rows of trees with an outside
row of willow trees plus two  rows of jack pine/Eastern red cedar
trees (this is the actual tree buffer at the ﬁeld site), and a single row
of willow trees. Air velocities of 2, 5 and 10 m s−1 were evaluated
for their effects on the vertical wind proﬁles (30 points distributed
between 2 and 400 mm heights above the ﬂoor of the LSWT) using
a constant temperature anemometer equipped with a 1-D bound-
ary layer hot ﬁlm probe (IFA 300, TSI Inc., Shoreview, MN)  located
downstream from the building and/or tree models at distances 1,
2 and 6 times the height of the buildings (1H, 2H and 6H, respec-
tively). Air ﬂow velocity was  monitored for 26 s at each point within
each proﬁle at a scan rate of 10 kHz to estimate mean air velocity
and turbulence intensity (standard deviation divided by mean air
velocity).
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Fig. 1. Schematic of the layout of the swine facility and shelterbelt surrounding the Northern and Western perimeters of the facility.
2.3. Atmospheric stability measurements
Two towers of 20 and 10 m heights were deployed for contin-
uous micrometeorological measurements were located between
buildings and the adjacent corn ﬁeld. Each tower was  equipped
with an eddy-covariance system [a fast-response open path H2O
gas analyzer (LI-7500, LICOR Biosciences Inc., Lincoln, NE) and a
three-dimensional sonic anemometer (CSAT, Campbell Scientiﬁc,
Inc., Logan, UT)] at 6.8 m height and oriented to the prevailing wind
direction (i.e., to the South). Six 3-cup anemometers equipped with
photochoppers (Gill 12102D, R.M. Young Co., Traverse City, MI)  and
six thermocouples (Cu–Co Type T) were installed on each tower for
wind and temperature proﬁle descriptions. Surface temperature of
ground, buildings roofs, and crop canopy were monitored by high-
precision infrared radiometric temperature sensors (IRT, 15◦ ﬁeld
of view, Apogee Instruments, Logan, UT) placed at least 1.0 m above
the target. Further information about the study site and atmo-
spheric stability quantiﬁcation can be found in Hernandez-Ramirez
et al. (2011).
Atmospheric thermal stability parameters indicate the dynam-
ics of air motion within the atmospheric surface layer (up to
50–200 m layer thickness) as well as vertical air temperature
gradients (Thom, 1975; Rosenberg et al., 1983). This stability is
described in two dimensionless stability estimates using both gra-
dient Richardson number (Ri) and Monin–Obukov parameter (z/L,
where L corresponds to Monin–Obukov length). The formula for Ri
is as follows:
Monin–Obukov parameter (z/L, where L corresponds to
Monin–Obukov length). The formula for Ri is as follows:
Ri = g × (Tt − Tb) × (zt − zb)
Tmean × (ut − ub)2
(3)
where g is gravitational constant, T is air temperature, subscripts
t and b are top and bottom positions of the wind proﬁles, Tmean is
the average of Tt and Tb, z is height, u is horizontal wind speed. The
formula for z/L is as follows:
z
L
= −[k × z × g × sensible heat ﬂux]
a × Cp × T × (u∗)3
(4)
where k is Karman dimensionless constant (0.4), a is air density,
Cp is air heat capacity and u* is friction velocity. This study followed
a sign convention with positive values for upward ﬂuxes.
The numerical outcomes from Ri and z/L estimations can be
classiﬁed in atmospheric stability classes as very unstable (<−1),
unstable (−1 to −0.01), slightly unstable (−0.01 to −0.003), neutral
(−0.003 to 0.003), slightly stable (0.003–0.01), stable (0.01–1), and
very stable (>1). Typically, atmospheric stability classes identiﬁed
as stable indicate limited to no horizontal air motion along with
forced convection, those identiﬁed as unstable indicate dynamic
free (or mixed) convective circulation which favor upward ver-
tical transport of air mass and associated suspended particulates
(including odor constituents), and neutral cases correspond to adi-
abatic air temperature proﬁle resulting in fully forced convection.
2.4. Particulates counting
Three optical particle counters (Model 9722, Met  One Instru-
ments, Inc., Grants Pass, OR) were used for monitoring both sizes
and quantities of airborne particulate. The instruments calculate
both particle size and density continuously by light scatter from
near-IR laser diode. The sensors were factor calibrated just prior to
installation in the ﬁeld using NIST traceable particle size standards.
The instruments were permanently deployed at distances of 20, 46,
and 56 m North from the Northern building (Fig. 1). The most North-
ern sensor (56 m position) was  located in the adjacent corn ﬁeld and
only 4 m North from the willow tree row. The class sizes used were
0.3–0.49, 0.5–0.69, 0.7–0.99, 1.0–1.99, 2.0–2.49, 2.5–4.99, 5.0–9.99
and >10.0 m.  Fifteen minute averages on air-volume basis were
recorded using a Model CR1000 datalogger (Campbell Scientiﬁc,
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Table  1
Select properties of major odorants associated swine production.
Compound MWa Boiling point ( ◦C) QIb (m/z)c Odor threshold (ppbv)d
Volatile fatty acids
Acetic acid 60 118 60 6.00
Propanoic acid 74 141 57 5.70
2-Methylpropanoic acid 88 155 73 1.50
Butanoic acid 88 164 60 0.19
3-Methylbutanoic acid 102 176 60 0.078
Pentanoic acid 102 185 60 0.037
Phenol compounds
Phenol 94 182 94 5.60
4-Methylphenol 108 202 107 0.054
4-Ethylphenol 122 218 122 NRe
Indole compounds
Indole 117 253 117 0.30
3-Methylindole 130 265 130 0.0056
a MW,  molecular weight.
b QI, quantitation ion.
c m/z, mass to charge.
d Odor threshold database Nagata (2003) expressed in ppbv or parts per billion volume.
e NR, not reported.
Logan, UT). The reported collection efﬁciency is approximately 20%
for 0.3 m particles.
2.5. Air and plant sample chemical analysis
Table 1 lists the compounds and odor threshold values (OTV)
of the compounds monitored in this study. Air samples from a
commercial swine production facility along with plant material
from the vegetative buffer were collected the weeks of July 29
and September 16 in 2008. Details of the air sampling method-
ology were previously reported in Trabue et al. (2008a). In brief,
air samples were collected on glass tubes containing a multi-bed
graphitized carbon sorbents using either a ﬁeld gas samplers (GS
301 gas sampler, Gerstel, Inc.) or with personal sampler pump (222-
4 Series, SKC, Inc., Eighty Four, PA). Five gas samplers were placed
around the facility at the following locations (Fig. 1): (1) center of
swine facility (1.5 m height); (2) swine facility tower (10 m height);
(3) 45 m North of swine facility (1.5 m height); (4) 60 m North of
swine facility (3 m height) and (5) Southern end of the swine facil-
ity. Personal samplers were placed at the exhaust of the deep pit
fans and inside swine housing units. A total of 20 samples were
taken over a 4 day period from each sampler (ﬁve samples per day),
at each location and 2–5 samples were taken daily with personnel
samplers at each location.
Plant material was collected from the tree rows on the North side
of the facility. Three to ﬁve completely randomized samples were
taken at each location and included both the North and the South
sides of individual trees for both willow and pine rows at heights
of 0.6, 1.3, and 2.7 m above the ground surface. Samples removed
from trees were placed in storage bags and stored cold (ice chest) in
the ﬁeld prior to long terms storage in the lab at <−20 ◦C until pro-
cessed (less than 2 months). Samples were weighed and placed into
an ATISTM (Supleco, Bellefonte, PA) extraction glassware (13 mm
i.d. × 76 mm length) apparatus and heated to approximately 110 ◦C,
while purging the contents of the extraction cell with humidiﬁed
N2 at 75 mL  min−1 for a 1–2 h for a total volume of 4–9 L. The VOC’s
extracted were captured onto sorbent tubes as previously described
(Trabue et al., 2008a).
All sorbent tubes were analyzed as described in Trabue et al.
(2010). In brief, sorbent tubes were thermally desorbed using an
Agilent 6890N GC (Agilent Technologies, Inc., Wilmington, DE)
with mass spectrometer (5975N Inert MSD, Agilent Technologies)
equipped with a Gerstel thermal desorption unit (Model TDSA,
Gerstel, Inc., Baltimore, MD)  and PTV (programed temperature
vaporizer) inlet (CIS 4, Gerstel, Inc.). Compounds were separated
on a 30 m × 0.25 mm × 0.25 m FFAP column (J&W Scientiﬁc, Inc.,
Wilmington, DE) using He at a maximum of 1.4 mL  min−1 con-
stant ﬂow. The mass spectrometer was  operated in SIM/Scan mode
scanning masses 30–300 m/z. Details of both TDS and column
temperature programs and mass spectrometer parameters were
recorded in Trabue et al. (2010).
2.6. Statistical analysis
Statistical analyses on dilution thresholds and chemical concen-
trations were performed using SYSTAT 12 version 12.00.08 (Systat
Software, Inc., Chicago, IL). Data were analyzed as a completely
randomized. Analysis of variance and mean separation (LSD) tech-
niques were used to test for signiﬁcant differences of the both
concentration and total OAV.
3. Results and discussion
3.1. Wind tunnel simulations
The wind tunnel experiments demonstrated the potential
impact of both buildings and tree buffers on wind speed and air
mixing near the swine conﬁnement facility (Fig. 2). Both building
(Fig. 2A and B) and tree (Fig. 2C and 1) models were shown to reduce
air velocity and increase turbulent intensity (i.e., mixing) and these
effects persisted up 33 m height in the ﬁeld, but with more pro-
nounced effects near the ground level and for building models.
Buildings alone typically reduced air velocity and increased tur-
bulence intensity by up to 48%. Higher turbulence intensity values
can be interpreted as greater disturbed air-ﬂow associated with
greater air mixing and lesser direct horizontal transport of air and
any odor or particulates entrained in the air. As for air velocity
(Fig. 2A), turbulence intensity between the buildings and the tree
rows was  not affected by the presence of the trees (Fig. 2B). The
dominance of the swine buildings ability to reduced wind speed
and increased turbulent mixing at a facility demonstrates that veg-
etative buffers main mechanism of odor mitigation is interception
of odorous material through trapping/sorption near swine facilities
rather than signiﬁcantly altering wind ﬂow patterns (Sauer et al.,
2011).
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Fig. 2. (A and C) Air velocity ratio and (B and D) turbulence intensity proﬁles from wind tunnel simulations (1:150 scale) as affected by swine buildings and vegetative buffer
conﬁgurations at a distance of (A and B) 6H [H is building height (4.8 m)]  downstream from the building model and (C and D) 6H downstream from the willow tree models.
These  experiments represent South winds at the ﬁeld site with the trees downwind from the buildings and airstream direction perpendicular to the buildings and tree
rows.  Field distance between tree buffer and nearest building is 52 m.  Heights of buildings, willow, and pine/cedar tree models in the simulations are 32, 60, and 14–24 mm,
respectively. All data are for wind tunnel reference air velocity of 10 m s−1.
3.2. Atmospheric stability and pollutants transport
Overall results from frequency analyses for both gradient
Richardson number (Ri) and Monin–Obukov parameter (z/L) calcu-
lations revealed predominant unstable conditions between swine
buildings compared to the corn ﬁeld during both August and
September intervals (Fig. 3). Based on z/L results for the two inter-
vals, unstable cases occurred 3.7 times more frequently between
buildings than for the corn ﬁeld (79% vs. 21%, respectively), while
stable cases were 8.2 times more frequent for the corn ﬁeld than
between buildings (55% vs. 7%, respectively). These patterns appear
to be associated with higher surface temperature values during
the daytime in the swine facility than in the corn ﬁeld (Fig. 3).
The greater diurnal heat capture at the swine facility resulted in
higher temperature values for both ground and metallic roof sur-
faces. In the corn ﬁeld, active transpiration in corn canopies may
actual have a cooling effect that exaggerates the temperature dif-
ferences. Further examination of surface temperatures at the swine
facility indicates their partial association with Ri atmospheric sta-
bility parameter (Fig. 3A, B, E, and F). Mean temperature values
were 3–4 ◦C higher in the ground surface than in the building roofs
during the early afternoon (Fig. 3E and F) which favor unstable
atmospheric conditions (Thom, 1975; Rosenberg et al., 1983). As
previously suggested by Hernandez-Ramirez et al. (2011),  these
prevalent atmospheric instability conditions at the swine facility
during the daytime (Fig. 3A and B) suggest enhanced vertical trans-
port of air pollutants due to free convection with the atmospheric
surface layer and/or their facilitated transport sorbed onto particles
over farther distances from the swine buildings. On the contrary,
predominance of atmospheric stable conditions during the early
night (Fig. 3A and B) could be related to greater surface tempera-
ture in the building roofs (up to 4.8 m height) vs. ground surface
between buildings causing a local inversion in temperature proﬁle
(Stull, 1988) and favoring forced convection or laminar transport
ﬂow of both odor constituents and ﬁne particulates as a function
of the surrounding landscape. These Ri and temperature patterns
are even more pronounced in the September vs. August intervals
(Fig. 3B). In addition to local effects on atmospheric stability due to
surface temperature variations, large-scale synoptic atmospheric
processes could partly account for differences in Ri results between
August and September intervals. Consequently, both atmospheric
stability monitoring as well as wind tunnel experiments clearly
show air movement in the ﬁeld is more inﬂuenced by the swine
facility than the VEB and this implies that the main odor mitigation
mechanism that VEB supply is the interception/sorption of odorous
material from buildings to surrounding areas.
3.3. Particle concentrations
Transport of particulates downwind are thought to be one of
the key mechanisms for odor movement and interception of this
material is thought to be one of the key mechanisms for control-
ling movement of this material offsite (Bottcher, 2001; Cai et al.,
2006). In fact, VEB used with poultry production have shown signif-
icant sorption of particulate matter (PM) on plant material (Azdizal
et al., 2008a,b). In this study, shelterbelts reduced total particulate
counts by over 40% when comparing OPC sensors placed between
the Northern building and the shelterbelt vs. just North from the
tree buffer (Fig. 4). In addition, based on particles size distribution
buffers were preferentially trapping the smaller size fraction parti-
cles (Table 2), and these particles have the greatest tendency to be
transported over large distances. In the case of OPC sensor deployed
at 20 m North from the Northern swine building, it was  expected
to observe higher particle counts than in the other positions
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Fig. 3. Composite diurnal ﬂuctuations of (A and B) gradient Richardson number (Ri), (C and D) solar radiation and sonic horizontal wind speed, and (E and F) infrared (IR)
surface  temperatures for measurements done at swine facility and in an adjacent corn ﬁeld during two selected intervals (i.e., 29 July–5 August and 16–20 September 2008).
Shown composite results include data collected only when wind direction was from the South (i.e., compass: 90–270◦). Air temperature and horizontal wind speed data for
Ri  calculation were taken from top and bottom positions of the wind proﬁles in the two towers.
(46 and 56 m)  due to proximity to the buildings. However, this
may  indicate that the samplers were located too close to the build-
ing, and therefore, missed the particulate plumes which could have
been transported above the sensor height (2 m)  (Prueger et al.,
2008).
Table 2
Particle size fractions measured before tree buffer (46 m)  and after tree buffer (56 m).
Large particles (>10 m)  were not included in these estimates as their contribution
was  less than 0.1% of the total particle counts.
Class sizes (m) Particle count fraction, % (n/total n)
46 m position 56 m position
0.30–0.49 94.2 88.5
0.50–0.69 3.3 8.1
0.70–0.99 0.9 1.4
1.00–1.99 0.6 1.0
2.00–4.99 0.9 0.9
5.00–9.99 0.1 0.1
Total 100.0 100.0
Diurnal patterns of particle counts on selected dates for sensors
placed at both 46 and 56 m from the Northern building revealed a
tendency for increased particle counts in the early evening (Fig. 5).
These particle count results are in close agreement with patterns of
stable atmospheric conditions in the early night favoring horizon-
tal laminar transport ﬂow near the swine buildings. Consequently,
the stable conditions and horizontal air motion facilitated particle
movement from buildings into surrounding areas and the reduc-
tion in particulate counts between particle counters before and
after vegetative buffer demonstrate that vegetative buffers have
the potential to lower odor though the interception of odorous
material.
3.4. Odorous compound concentrations
Vapor phase transport of odorous compounds is also con-
sidered a key transport mechanism of odor. The key chemical
classes associated with swine production odor include: amines
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before tree buffer (46 m)  and after tree buffer (56 m).  Data points correspond to
15-min resolution averages.
(Wright et al., 2005; Trabue et al., 2006); indole compounds (Willig
et al., 2004; Trabue et al., 2011a,b); phenolic compounds (Spoelstra,
1980; Wright et al., 2005); reduced sulfur compounds (Feilberg
et al., 2010; Trabue et al., 2011a); and volatile fatty acids (VFA)
(Zahn et al., 1997, 2001; Wright et al., 2005). In this study, only
VFAs, phenolic, and indole compounds were monitored primarily
due to the choice of ﬁeld sampling apparatus (i.e., thermal desorp-
tion tubes) and analysis protocol (i.e., FFAP column). While both
reduced sulfur compounds and amines are thought to be signiﬁ-
cant odorants, neither class of compounds are well suited for the
sampling and analysis methodology used in this study (Trabue et al.,
2008b, 2011b). The odor intensity of air was  quantiﬁed based on the
summation of odor activity values (OAV) of the monitored odorous
compounds with OAV representing the measured concentration of
a compound in air divided by its literature odor threshold value
(Table 1).
Tables 3 and 4 list concentrations and odor activity values of the
VFAs, phenols and indole compounds measured over 1 week period
in both July and September at various locations along a transect
including samples taken above the buildings (i.e., tower sample).
The VFAs had signiﬁcantly (p < 0.05) higher OAV than either phe-
nol or indole compounds downwind but at the swine barns there
was no signiﬁcant difference between the different odor compound
classes. The VFAs as a percent of OAV increased with distance going
from 50% to 60% at the source to between 75% and 90% 45 m down-
wind. The overall OAV declined signiﬁcantly (p < 0.05) between
source and 45 m downwind dropping by 60–90% with larger drop-
offs associated with high winds (i.e., dilution). Indole compounds
had the greatest temporal differences of all chemical classes and dif-
fered by close to 80% between summer and fall samplings, whereas,
both phenol and indole compounds had the largest decline with dis-
tance from source declining by 85–90%. In terms of the VEB, overall
OAV decline between 35% and 45% for samples taken before (45 m)
and after the buffer (62 m),  while not signiﬁcant at the 0.05 level
was signiﬁcant at 0.1 level. The loss in OAV agrees well with the
drop of 40% in total particle counts.
Temporal changes in the OAV measured over each sampling
period are shown in Fig. 6. This ﬁgure shows the diurnal pattern
of odor emission at the source with peak concentrations occur-
ring in the early morning and early evenings. It is also interesting
that at the ground level gas samplers (1.5 m height) stationed at
the source, 45 m and 62 m downwind locations all had peak OAV
concentrations in the early evenings, whereas, the gas sampler
placed on the tower (10 m height) peaked mainly during the day
(Fig. 6b). This observation agrees well with atmospheric stability
conditions showing evening samplings being more controlled by
horizontal transport rather than vertical transport (Fig. 3A and B).
While the overall decline of OAV averaged throughout the day was
35–45% (Tables 3 and 4), the decline in OAV during peak concen-
tration (early evening) ranged from 40% to 60% between samplers
taken before and after the vegetative buffers (Fig. 6). This supports
the concept that VEB lower odor through interception of odorous
material.
The pine needles sorbed very low amounts of VFAs and non-
detectable amounts of the aromatic odorants so results are reported
for only willow leaves. It is not surprising that willows leaves sorbed
more odorants than pine needles since studies with VEB at poul-
try facilities have shown there are signiﬁcant differences in the
capacity for plant species to sorb odorous material (Azdizal et al.,
2008a,b). Plant material taken from trees in the vegetative buffer
showed no signiﬁcant difference in terms of sampling on the North
or South facing portions of the trees. Consequently, samples taken
from either side of the trees were pooled for each height. There was
a signiﬁcantly (p < 0.05) higher loadings of odorous VFAs, phenolic,
and indole compounds for samples taken from 2.7 m height com-
pared to samples taken from either 0.6 or 1.3 m (Table 5). The higher
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Table  3
Average daily concentrations and odor activity value for major odorants at swine facility in July/August 2008.
Mean temperature: 27.8 ◦C Swine building (ground level) Swine building (tower) 46 m downwind before buffer 62 m downwind corn ﬁeld
Avg. wind speed: 2.8 m s−1 Conc.a (g m−3) OAVb Conc. (g m−3) OAV Conc. (g m−3) OAV Conc. (g m−3) OAV
Avg.c Range Avg. Range Avg. Range Avg. Range
Acetic acid 12.8 0.10–56.3 0.8 5.1 0.004–23.7 0.3 5.7 0.16–2.90 0.4 3.1 0.003–6.6 0.2
Propanoic acid 11.5 0.06–45.3 0.6 1.5 0.02–8.0 0.1 1.8 <LOQd −11.2 0.1 9.5 0.1–34.7 0.6
2-Methylpropanoic acid 1.7 <LOQ −6.1 0.3 0.4 0.05–1.8 0.1 0.6 0.2–2.3 0.1 0.4 0.04–0.9 0.1
Butanoic acid 6.9 0.01–33.0 9.0 3.6 0.03–17.3 5.3 2.3 <LOQ −11.2 3.4 1.3 0.4–4.3 1.8
3-Methylbutanoic acid 10.5 <LOQ −62.9 30.7 1.0 0.2–3.1 3.0 1.1 0.4–2.8 3.3 0.5 0.2–1.1 1.6
Pentanoic acid 4.2 <LOQ −21.9 26.0 1.0 0.08–4.0 6.5 1.3 0.3–3.4 8.6 0.4 0.01–1.6 2.9
Total  VFA 67.4 15.4 15.9 7.2
Phenol 9.1 0.01–35.7 0.6 0.36 <LOQ −0.53 0.01 0.55 0.28–1.11 0.02 0.39 0.19–0.88 0.02
4-Methylphenol 7.6 1.6–21.5 26.6 0.22 0.03–1.3 0.90 0.86 0.14–2.79 3.10 0.86 0.16–4.76 3.4
4-Ethylphenol 1.6 0.1–4.9 4.8 0.02 <LOQ −0.2 0.10 0.11 0.03–0.32 0.34 0.16 0.03–0.54 0.6
Total  phenols 33.2 1.0 3.5 4.0
Indole 0.30 0.08–0.68 1.9 0.03 0.003–0.16 0.8 0.04 0.01–0.09 0.3 0.04 0.01–0.135 0.3
3-Methylindole 0.96 0.01–4.26 32.4 0.01 <LOQ −0.41 1.0 0.04 0.001–0.13 1.2 0.01 <LOQ −0.05 0.3
Total  indoles 34.3 1.8 1.5 0.6
Total  OAV 135.0 16.2 20.9 11.4
a Conc., concentration.
b OAV, odor activity value (measured concentration/odor threshold of compound).
c Avg., average.
d <LOQ, below the limits of quantiﬁcation.
loading of odorous material in the upper portion of the vegetation
agree with both the wind tunnel and the atmospheric stability data
showing the main transport of odorous material from the swine
facility is vertical transport as opposed to horizontal transport.
Although odorous material was sorbed to plant material supporting
the concept that shelterbelts lower odor though the interception of
odorous material, there were no concentration gradients within
the shelterbelt (i.e., sides facing the swine buildings compared to
side facing away from the buildings) and this would indicate that
shelterbelts capacity to intercept odorous material is limiting.
This brings us back to the original purposes of the study, which
was to evaluate the effect shelterbelts have on wind ﬂow patterns
and odor control. This study clearly shows that shelterbelts had
little effect on the air ﬂow patterns within a naturally ventilated
swine facility. The idea that shelterbelts loft air from a swine facil-
ity into higher air streams for dilution is clearly overstated. While
odorous substances and particle counts dropped by 40–60% after
passing through a shelterbelt, there were no signiﬁcant differences
in the build-up of odorous compounds sorbed to plant material
along a transect of the vegetative buffer that faced either the swine
Table 4
Average daily concentrations and odor activity values for major odorants at swine facility in September 2008.
Mean temperature: 18.5 ◦C Swine building (ground level) Swine building (tower) 46 m downwind before buffer 62 m downwind corn ﬁeld
Avg. wind speed: 1.25 m s−1 Conc.a (g m−3) OAVb Conc. (g m−3) OAV Conc. (g m−3) OAV Conc. (g m−3) OAV
Avg.c Range Avg. Range Avg. Range Avg. Range
Acetic acid 10.5 0.30–72.5 0.7 6.7 0.38–25.6 0.4 3.3 <LOQd −26.1 0.2 1.9 <LOQ −19.4 0.1
Propanoic acid 4.4 0.01–16.0 0.2 2.5 0.10–9.5 0.1 2.6 <LOQ −20.6 0.1 1.6 <LOQ −9.9 0.1
2-Methylpropanoic acid 1.4 0.23–5.2 0.3 0.5 0.04–2.8 0.1 0.6 <LOQ −3.1 0.1 0.4 <LOQ −1.6 0.1
Butanoic acid 5.5 0.05–13.7 7.5 1.9 <LOQ −6.8 2.5 3.0 <LOQ −14.8 3.8 1.2 <LOQ −7.4 1.6
3-Methylbutanoic acid 2.0 0.36–5.2 5.4 0.7 <LOQ −2.6 2.0 0.7 <LOQ −2.4 1.8 0.3 <LOQ −1.0 0.8
Pentanoic acid 1.1 0.01–3.5 6.3 0.6 <LOQ −3.5 3.4 0.7 <LOQ −3.1 4.1 0.7 <LOQ −4.4 4.0
Total  VFA 20.4 8.5 10.2 6.7
Phenol 0.96 0.24–2.2 0.0 0.33 0.12–8.7 0.0 0.23 <LOQ −0.44 0.0 1.7 0.28–7.5 0.1
4-Methylphenol 3.01 0.16–9.6 12.9 0.27 0.04–1.1 1.1 0.38 <LOQ −0.93 1.4 0.1 <LOQ −0.54 0.5
4-Ethylphenol 0.14 <LOQ −0.04 0.5 0.01 <LOQ −0.03 0.0 0.02 <LOQ −0.05 0.1 0.01 <LOQ −0.03 0.0
Total  phenols 13.5 1.1 1.5 0.6
Indole  0.06 0.01–0.15 0.4 0.02 <LOQ −0.09 0.1 0.02 <LOQ −0.09 0.1 0.02 <LOQ −0.09 0.1
3-Methylindole 0.02 <LOQ −0.09 0.6 0.003 <LOQ −0.09 0.1 0.004 <LOQ −0.09 0.1 0.01 <LOQ −0.09 0.2
Total  indoles 1.0 0.2 0.2 0.3
Total  OAV 34.9 9.8 11.9 7.6
a Conc., concentration.
b OAV, odor activity value (measured concentration/odor threshold of compound).
c Avg., average.
d <LOQ, below the limits of quantiﬁcation.
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Fig. 6. Odor along a transect measured as odor activity values (OAV) of major VOC
odorants averaged over a week measured from the swine buildings, before vegeta-
tive buffer (46 m)  to after tree buffer (62 m).
buildings (South side) or corn ﬁeld (North side). This demonstrates
that odorous material does sorb to the vegetative buffer, but the
overall interception rate of odorous material is limiting due to
saturation. Consequently, vegetative buffers capacity to lower
odor is limiting. However, before more deﬁnitive pronouncement
on the effectiveness of VEB to mitigate odor emission from AFOs
more studies are warranted. Future studies should be designed
with larger buffers and facilities that are mechanically ventilated.
Recently, Parker et al. (2012) showed that a thick VEB could
signiﬁcantly reduced odor by close to 70% 15 m downwind from
Table 5
August–September average concentration of odorants sorbed to willow leaves.
Compounds Sample collection heights of the
willow tree row, g g−1 plant
0.6 m 1.3 m 2.7 m
Acetic acid 17.6 13.7 9.9
Total VFAa 19.8 17.5 19.8
Sum  odorous VFAb,c 0.7ˆ 0.6ˆ 3.5#
Phenol 0.44 0.20 0.88
4-Methylphenol 0.07 0.06 0.13
Sum Odorous phenolsd,e 0.07ˆ 0.07ˆ 0.26#
Sum indolesf,g 0.01ˆ 0.01ˆ 0.22#
a Total VFA: total volatile fatty acids includes acetic acid, propanoic acid,
2-methylpropanoic acid, butanoic acid, 3-methylbutanoic acid, pentanoic acid, hex-
anoic acid, and heptanoic acid.
b Sum odorous VFA: includes butanoic acid and 3-methylbutanoic acid.
c Concentration of odorous compounds without a common superscript differ,
p  < 0.05.
d Sum odorous phenols: includes 4-methylphenol, 4-ethylphenol, and 4-
propylphenol.
e Concentration of odorous compounds without a common superscript differ,
p  < 0.05.
f Sum indoles: includes indole and 3-methylindole (skatole).
g Concentration of odorous compounds without a common superscript differ,
p  < 0.05.
the buffer; but the effect was limiting since distances greater than
150 m downwind showed little improvement in air quality.
4. Conclusion
Shelterbelts are a potentially economical and sustainable odor
mitigation stragey, but data on their mechanism and their effec-
tiveness at lowering odor is lacking. This study demonstrated that
previously held assumptions of VEB lowering odor though the loft-
ing of air at a swine facilty were incorrect since the animal barns
themselves had the greatest effect on wind ﬂow patterns than the
VEB. Shelterbelts were able to lower both particulate counts and
odorous gas emission between 40% and 60% immediately follow-
ing the VEB, but their effectiveness in controlling cumulative odor
downwind is in question since there were no concentration gradi-
ents within the VEB for either North or South facing exteriors. If a
concentration graident existed between the North and South facing
exteriors, it would be strong evidence of the shelterbelts ability to
intercept odorants. In addition, based on the higher odorant load-
ing in the upper vegatatation of the shelterbelt compared to the
lower vegatation is evidence that transport of odorants from the
swine facility was predominately through lofting a mechanism that
was strongly controlled by the swine building themselves not the
shelterbelt. However, more research is needed for greater under-
standing in how VEB intercept and hold emitted odorous material
from AFOs. Future studies should focus on not only differences in
odor emission immediately followig the VEB, but their effect further
downwind. In addition, the effect VEB have on reduced sulfur com-
pounds should be included since these compounds have recently
been shown to be key odorants associated with swine production
(Feilberg et al., 2010; Trabue et al., 2011a).
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